Introduction
High blood pressure (BP) is the leading risk factor for global deaths and disability. 1 Measurement of this simple, yet modifiable, biomarker has proven to be invaluable in the global battle against cardiovascular disease (CV). 2 Mounting evidence further supports that an elevated heart rate is an additional easily obtained haemodynamic metric independently predictive of all-cause as well as cardiovascular mortality. 3 Patients with chronic obstructive pulmonary disease (COPD) die more frequently from cardiovascular than respiratory disease. [4] [5] [6] Over million patients with hypertension. 8 Thus, it is likely that over 5 million patients have co-morbid COPD and hypertension. This is important because a wealth of evidence accrued over the past half-century demonstrates that BP in individuals without vascular disease is monotonically (linear-log) associated in a linear-log fashion with increased cardiovascular events in the general population. 9, 10 However, this relationship is more complex and perhaps non-linear among patients with established heart disease. [11] [12] [13] We therefore wanted to understand the prognostic value of BP specifically among individuals with COPD at heightened cardiovascular risk because this remains largely undescribed. The Study to Understand Mortality and MorbidITy (SUMMIT) was a multi-centre prospective, double-blind, randomized trial in patients with moderate COPD with or at risk for CVD that compared placebo with an inhaled corticosteroid (ICS)/long-acting beta agonist (LABA) combination, with inclusion of the individual components (Trial Registration: ClinicalTrials.gov, number NCT01313676).
14, 15 The primary (all-cause mortality) and a secondary efficacy (composite cardiovascular events) outcome did not differ between treatment arms. 16 Nevertheless, this large trial with well-adjudicated outcomes provides a unique opportunity to explore in detail the nature of the relationships between BP and heart rate with all-cause mortality and cardiovascular events in a contemporary population of high-risk individuals with COPD.
Methods
SUMMIT included 16 485 participants enrolled across 1368 centres in 43 counties with an average follow-up period for on-treatment cardiovascular outcomes of 1.7 years and on and post-treatment mortality of 1.9 years. The protocol, CONSORT diagram, and trial outcomes have been described in detail previously. 14, 15 In brief, eligible participants included current or former smokers (> _10-pack-years) between the ages of 40 and 80 years, with a history of COPD and a post-bronchodilator forced expiratory volume in one second (FEV 1 ) > _50 and < _70% of the predicted value, a ratio of post-bronchodilator FEV 1 to forced vital capacity (FVC) < _0.70, and a score > _2 on the modified Medical Research Council dyspnoea scale. Patients were required to be at increased cardiovascular risk (defined as being > _60 years plus receiving medications for > _2 of the following: hypercholesterolaemia, hypertension, diabetes mellitus, or peripheral vascular disease) or have established disease (coronary artery disease, peripheral arterial disease, prior stroke or myocardial infarction (MI), or diabetes mellitus with target organ disease). The on-treatment composite secondary cardiovascular outcome included cardiovascular death, MI, stroke, unstable angina, and transient ischaemic attack (TIA).
Blood pressure and heart rate measurement Study sites were instructed to perform vital signs prior to spirometry at all study visits and to measure systolic and diastolic BP as well as heart rate in the seated position after 5 min of rest. The BP and heart rate values obtained at the baseline visit (study visit #2) after the screening visit were used for these post hoc analyses. The sphygmomanometer equipment and study staff that measured BP were consistent with the standard clinical practices of the investigators at each location.
Statistical methods
We evaluated the relationships between BP values and heart rate with health endpoints in two manners. First, we graphically explored the relationships. The rates of all-cause mortality per 100 subject years were calculated as (100 Â number of deaths)/total on-and post-treatment follow-up. The rates of on-treatment cardiovascular composite events were calculated as (100 Â number of events)/total on-treatment followup. Both rates were calculated for 5 mmHg categories of systolic and diastolic BP and for each 5 b.p.m. category of heart rate. These results and the 95% confidence intervals (CIs) 17 were calculated across the range of baseline BP and heart rate values. Second, we used clinically relevant thresholds for BP and germane cutpoints for heart rate and pulse pressure to determine the health risks linked to high and low categorical values. We calculated the hazard ratios (HR) and 95% CIs using Cox regression adjusted for the covariates of randomized treatment, age, sex, body mass index (BMI), smoking habit, and beta-blocker use. We evaluated the effect in the Cox model results of both including and excluding beta-blocker use as covariates. There was marginal impact on the results; however, we retained beta-blocker use as a variable given its clinical importance. The HRs were calculated for the time to death (or first cardiovascular endpoint) compared across three ranges of BP and heart rate values. These ranges were: systolic (<120, or > _120 to <140, or > _140 mmHg), diastolic BP (<80, or > _80 to <90, or > _90 mmHg), and pulse pressure (<50, or > _50 to <80, or > _80 mmHg). These cut points were selected based upon clinical criteria (>140/ 90 mmHg being hypertension according to most guidelines and 120/ 80 mmHg being optimal BP per the ESC 2016 prevention guidelines and ESH 2013 hypertension guidelines. 18, 19 Similar models were calculated for heart rate ranges (<70, > _70 to <80, > _ 80 b.p.m.).
Results

Demographic and haemodynamic characteristics
The average age of study participants was 65 ± 8 years, 75% were male, and 47% remained active smokers. The mean BMI was 28 ± 6 kg/m 2 . Most individuals were white (81%), while 17%, and 2% were Asian or another race, respectively. By our study definition, 71% of participants had CVD. Excluding diabetes plus target organ disease from this definition, 66% of patients had 'overt' disease (e.g. prior MI). As previously reported, the population of patients were well-treated with contemporary medications with more than half on statins (65%) and anti-platelet (52%) therapies. In the SUMMIT intention-to-treat analysis (n = 16 485), there were 14 851 (90%) participants who had ever been diagnosed with hypertension. There were 5944 (36%) participants with systolic BP > _140 mmHg and 3042 (18%) participants with diastolic BP > _90 mmHg. Other characteristics of the SUMMIT study cohort (such as presence of or complications from diabetes mellitus) have been presented in the main paper. 14 While there was a large overall range, the average baseline BP among participants was within the controlled category (<140/ 90 mmHg; Table 1 ). The mean heart rate was 76 ± 10 b.p.m. Given the age and co-morbidities of the participants, nearly 90% were receiving some type of antihypertensive medication with the most common being a renin-angiotensin system inhibitor or antagonist ( Table 2) .
Baseline haemodynamic parameters, allcause mortality, and cardiovascular risk Table 3 shows the risks for all-cause mortality and cardiovascular composite events in association with BP and heart rate levels measured at baseline among SUMMIT participants. Compared with the middle range, the risks of an event were higher in those with systolic and diastolic BP levels in either the higher or lower ranges (Supplementary material online, Figures S1-S4). The HRs for mortality for systolic BP were: high range vs. middle range HR = 1.27, low range vs. middle range HR = 1.36. The HRs for mortality for diastolic BP were: high range vs. middle range HR = 1.35, low range vs. middle range HR = 1.15 (Table 3) . Conversely, there appeared to be an increasing risk of death with increasing heart rate only (Supplementary material online, Figure S5 ) (high range vs. middle range HR = 1.39, low range vs. middle range HR = 0.83, Table 3) , with a similar trend for cardiovascular events (Supplementary material online, Figure S6 ). Like heart rate, only high (but not low) pulse pressure was associated with increased risk of an event (Supplementary material online, Figures S7 and S8) (for mortality high range vs. middle range HR = 1.39, Table 3 ). In models including additional covariates (e.g. other antihypertensive medications), there were no consistent significant changes to the HRs.
Relationships between haemodynamic variables and health endpoints
The associations between all-cause mortality and systolic and diastolic BP across the entire range of baseline study values were consistent with a generally 'U'-shaped relationship: progressively higher and lower values outside optimal ranges being associated with increasing mortality rates ( Figures 1A,B) . The nadir of risk visually appears to be among patients with a BP from 125-135/75-90 mmHg. There appears to be more of a linear relationship between heart rate and mortality [particularly disregarding the extreme outliers with heart rates <45 b.p.m., (Figure 2A) ]. However, as anticipated from the results in Table 3 showing no excess risk with low levels, there appears to be more of a linear (or semi-linear) relationship between pulse pressure and mortality ( Figure 2B ). Only high pulse pressure levels (>80 mmHg) were related to risk suggesting a possible threshold effect. When similarly plotted, the risks associated with cardiovascular events followed a similar pattern (Supplementary material online, Figures S9-S12 ).
Baseline haemodynamic characteristics, all-cause mortality, and cardiovascular risk by patient history
We investigated the effects of haemodynamic parameters on the risk of events in the subgroups of patients with and without previous coronary heart disease and in the subgroups of patients with a history of CVD (per trial definition) and those only at heightened cardiovascular risk (i.e. no overt disease) (Supplementary material online, Tables S1 and S2). In general, the patterns of outcomes were similar in each group to the main findings. The higher risks of mortality and cardiovascular events due to low systolic and diastolic BP were also observed in patients at heightened risk but without overt disease. This supports that this 'U-shaped' relationship was not confined only to those patients with a prior cardiovascular event or underlying disease.
Discussion
Elevated BP levels above optimal (>120/80 mmHg) are monotonically linked to increased morbidity and mortality in people without vascular disease. 9, 10 However, the prognostic value of high BP specifically among individuals with COPD remains poorly described. Here, we report for the first time that both high and low BPs are associated with increased all-cause mortality and cardiovascular events in patients with COPD at high risk for cardiovascular events or with CVD. This relationship was observed even among patients without a history of a prior cardiovascular event or established disease. In contrast, only a higher heart rate and pulse pressure were associated with increases in risks. These findings raise warnings that health care providers may need to be concerned about a worse prognosis in patients with COPD both with high as well as low systolic and diastolic BPs. Outside the context of COPD, the relationship between haemodynamic measures and mortality has been determined in extremely large datasets, yielding high confidence in the results. In an analysis of over 900 000 people without vascular disease at the initiation of longitudinal study, BP was associated with outcomes in a monotonic linear-log fashion. 9 A more recent analysis confirmed these findings in 1.25 million people initially free of CVD. 10 Conversely, in patients with coronary heart disease, a 'U-shaped' relationship has been variably observed, as exemplified by a recent global observational study of over 22 000 patients. 11 Similarly, systolic and diastolic BP were recently found to have U-shaped relationships with all-cause mortality 20 Yet, earlier studies have not consistently confirmed these findings, particularly after adjusting for confounding factors. 12 The topic of a 'U-shaped' or 'J-curve' relationship between BP and cardiovascular outcomes in patients with coronary heart disease has generated significant controversy over the years. 12 The hazard ratio represents the risks of time to death or time to first CVD event compared to the middle ranges of values for each parameter. CI, confidence interval; CVD, cardiovascular disease (secondary composite outcome).
(i.e. 'reverse-causation') or do treatment-induced reductions below a threshold (particularly of diastolic BP) lead to decreased coronary perfusion? Are additional vascular territories such as cerebral perfusion also impacted? Do these risks only pertain to patients with preexisting coronary atherosclerosis? What is the optimal BP level to target with antihypertensive treatment in order to reduced cardiovascular risk? Despite decades of research varying opinions persist. 12, 13 The debate has intensified recently following the SPRINT study 21 and a network meta-analysis (both suggesting that an optimal treated systolic BP level is 120-125 mmHg). 22 Our observational findings cannot specifically address these issues, and BP measurements in our study are not directly comparable to those in SPRINT. However, our findings nonetheless highlight that these questions are relevant to high-risk patients with COPD. Despite availability of robust data on relationships between haemodynamic measures and mortality, there are scant data in the population of patients with COPD. Resting heart rate was on average elevated in our study, as expected in COPD. 23 Consistent with our findings and those in other populations, 3 resting heart rate has been reported in the past to predict mortality in COPD 23 and cardiovascular mortality in coronary artery disease. 24 A fast heart rate may be a risk marker of autonomic imbalance heightening the potential for arrhythmias or sudden death, and it may directly promote myocardial ischaemia or damage. Moreover, faster heart rates might be an indicator of poor fitness or severity of illness. A meta-analysis of 15 observational studies found that use of a beta-blocker is associated with reduced mortality in patients with COPD. 25 It is important to note, however, that there remains no trial evidence that pharmacologically lowering heart rate (e.g. beta blockade) directly translates into a reduction in risk in patients with COPD. In a clinical setting in which higher heart rate is associated with worse outcomes, ivabradine lowered heart rate in a trial of patients with stable coronary artery disease and left ventricular systolic dysfunction, but did not improve mortality. 26 This finding informed the 2016 European Society of Cardiology heart failure guidelines. The guidelines recommend ivabradine when the heart rate is > _70 b.p.m. in symptomatic patients with left ventricular ejection fraction < _35% despite treatment with a beta-blocker, ACE inhibitor, and mineralocorticoid receptor antagonist. 27 This recommendation cannot be assumed to be applicable in COPD. A clinical trial would be required to learn whether ivabradine improves outcomes in patients with COPD and elevated heart rate. The answer is unclear since the drug was effective in selected heart failure patients, 28 but not in some other groups of patients. Although our study did not evaluate the effect of lowering the heart rate, we confirm here in high-risk patients with COPD that increases in heart rates are associated not only with mortality, but also excess cardiovascular events.
Patients 45 years of age and older, and meeting the Global Initiative for Obstructive Lung Disease (GOLD) criteria for COPD in the Atherosclerosis Risk in Communities Study (ARIC) and the Cardiovascular Health Study (CHS) were studied by Mannino et al.
29
They found an increased risk of hospitalization and mortality in patients with COPD and hypertension-considered as a dichotomous variable-compared with patients with impaired lung function. Our study is more comprehensive in several respects, including our assessment of haemodynamic variables as continuous measures, evaluating the impact of both high and low levels, and our specific analyses of systolic BP, diastolic BP, pulse pressure, and heart rate. Perhaps owing to concern for the effect of specific drug classes (e.g. betablockers), some prior work has been done describing the relationships between specific antihypertensive drugs and cardiovascular outcomes in COPD. Indeed, a recent meta-analysis supports the safety and overall cardiovascular protection of beta blockade in patients with COPD. 25 We similarly observed no evidence of harm related to beta-blocker usage in the SUMMIT trial (manuscript in review). Herrin et al. 30 reported in a retrospective analysis that twodrug antihypertensive combinations including a thiazide diuretic were more effective for preventing heart failure hospitalizations in patients with COPD. The paucity of overall evidence and lack of prospective outcome trials means that the optimal BP target and ideal antihypertensive regimen for patients with COPD must remain a matter of expert opinion. There are several limitations to note. Foremost, this was a post hoc observational study with short follow-up, and the findings must therefore be considered hypothesis-generating. The methodology for measurement of BP in the SUMMIT trial was not governed by strict protocols and multiple aspects pertaining to its accuracy likely varied across the 1368 sites. We only evaluated the outcomes based upon BP levels at the start of the trial and not time-averaged values. These facts would tend to bias observational analyses toward the null. Nonetheless, significant health associations with a single BP reading were still detected. More rigorous standardization as well as multiple determinations of BP (or ambulatory BP monitoring) would likely have yielded an even more robust signal. We believe our findings therefore highlight the strength of the linkage between BP with health risks in patients with COPD. Our findings do not directly impugn low BP as being harmful per se. We cannot exclude that it may simply be a marker of poor health or 'reverse-causation'. Regardless, our study represents the first large-scale evaluation of the nature of the relationship between BP and all-cause mortality and cardiovascular events (which were well-adjudicated in a clinical trial setting) specifically in a population of patients with COPD. Cholesterol values were not available in the SUMMIT trial, and therefore we were unable to calculate absolute CV risk. However, this should not impact the nature of the associations we found between the independent risk factor BP and CV events. There is a well-known relationship between faster heart rates and increased risk of CV events in the general population. The participants in this study had faster heart rates than are typical for non-diseased patients, likely due to underlying COPD and/or beta-agonist medications. Even so, our findings confirm the prognostic importance of worse outcomes linked to faster heart rates.
Both high and low BPs are associated with increased mortality and excess cardiovascular events, whereas faster heart rates are linked to health risks, in individuals with COPD at heightened cardiovascular risk. Further studies are warranted to confirm our findings and Figure 2 (A) All-cause mortality and heart rate. Rate of death per 100 subject years is shown, grouped in 5 b.p.m. categories according to baseline heart rate. The number of study participants at risk and the number who died are shown below the x-axis. (B) All-cause mortality and pulse pressure. Rate of death per 100 subject years is shown, grouped in 5 mmHg categories according to baseline pulse pressure. The number of study participants at risk and the number who died are shown below the x-axis. Note: A yellow triangle represents categories where there were zero deaths, so a rate could not be calculated. investigate the clinical implications as well as the benefits, optimal antihypertensive strategies, and BP treatment goals in this important and growing global population of patients.
